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I. Introduction

The burgeoning area dctive molecular scale electronics
(MSE) involves the use of molecules or molecular assemblies
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We study the applicability of femtosecond time-resolved photoelectron spectroscopy to the study of substituent
effects in molecular electronic relaxation dynamics using a series of monosubstituted benzenes as model
compounds. Three basic types of electronic substituents were use@: (&yrene), &0 (benzaldehyde),

and G=C (phenylacetylene). In addition, the effects of the rigidity and vibrational density of states of the
substituent were investigated via both methgtngethylstyrene, acetophenone) and alkyl ring (indene)
substitution. Femtosecond excitation to the secand state leads, upon time-delayed ionization, to two
distinct photoelectron bands having different decay constants. Variation of the ionization laser frequency had
no effect on the photoelectron band shapes or lifetimes, indicating that autoionization from super-excited
states played no discernible role. From assignment of the energy-resolved photoelectron spectra, a fast decaying
component was attributed to electronic relaxation of the seeoridstate, a slower decaying component to

the firstozr* state. Very fast electronic relaxation constantd.Q0 fs) for the seconds* states were observed

for all molecules studied and are explained by relaxation to thesfitstvia a conical intersection near the
planar minimum. Although a “floppy” methyl substitution{methylstyrene, acetophenone) leads as expected

to even faster secondr* decay rates, a rigid ring substitution (indene) has no discernible effect. The much
slower electronic relaxation constants of the first* states for styrene and phenylacetylene are very similar

to those of benzene in its firstz* state, at the same amount of vibrational energy. By contrast, the lifetime

of the first ma* state of indene was much longer, attributed to its rigid structure. The secohdtate of
benzaldehyde has a short lifetime, similar to the other derivatives. However, the relaxation of iscfirst

state is orders of magnitude faster than that of the non-carbonyl compounds, due to the well-known presence
of a lower lying nt* state. Methylation (acetophenone) leads to still faster first state relaxation rates.

These results fit very well with the current understanding of aromatic photophysics, demonstrating that time-
resolved photoelectron spectroscopy provides for a facile, accurate and direct means of studying electronic
relaxation dynamics in a wide range of molecular systems.

acting as switches, transistors, or modulatotscentral theme

is that structural rearrangement processes such as isomerization
should lead to changes in either optical or electrical properties,
generating the desired effect. These structural rearrangements
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rational design of active MSE devices must include a detailed e (&n) e (€n1)

consideration of the dynamics of the “switching” process for \ \

several reasons. Foremost is that activation of the device (e.qg. D, l

by a photon) must indeed lead to the desired change in optical D,

or electrical properties, and therefore, this basic mechanism must
be present. Two other issues, however, are of great practical
significance. Theefficiencyof the molecular electronic process N
is a critical element because excited organic molecules often Sa At *; St

hv probe

have a variety of complex decay paths that compete with the
desired process. The efficiency of a device can be defined simply hV pump
as the rate of the desired process divided by the sum of the
rates of all competing processes. As certain of these competing So I

processes can occur on ultrafast time scales (e.g., dissipationgig,re 1. An electronic energy level diagram and the femtosecond
d|SSOC|at|0n), the rate of the desired process must be very fastpump—probe time-resolved photoelectron spectroscopy schenzads
indeed, even if the required overall response is slow. A directly S,-; are nonadiabatically coupled singlet states; 2 or 3, depending
related issue is that dtability. A molecular modulator that ~ on the molecule. B Dy, and Dy represent the ground and two lowest
operates at 100 MHz and lasts for 3 years must swit¢6 cation electronic states.ns*_denotes.the vnbratloilally excntedns_
times without “breaking”. The quantum yields of any “harmful” state formed by the electronic relaxation procegs,*Stself electroni-

. cally relaxes to lower lying states via subsequent nonadiabatic processes.
processes must therefore be exceedingly small. Unfortunately,g ang s, can, depending on the Koopmans’ correlations, ionize into

excited organic molecules have a number of destructive decayditferent cationic states. Time-resolved photoelectron spectroscopy
pathways, such as photodissociation and triplet formation (often allows fordirect measurement of these sequential electronic relaxation
leading to reaction). The relative rates and quantum yields of processes. For a discussion, see the text.

these processes, as well as their dependence on substituent and . o

environmental effects, will be critical elements in the design of electron-photoion coincidence (PEPIC®3nd photoelectron
efficient, stableactive MSE devices. Techniques that allow for ~Photoion coincidence-imagiffgspectroscopies have been dem-

the direct determination of electronic relaxation rates will be °nstrated. , L .
useful in this regard. Photoelectron spectroscopy is sensitive to both electronic

configurations and vibrational dynamigsThe well-known
Koopmans’ picture is based upon the approximation that
photoionization is a single-photon, single active electron process
and that the remaining electrons (which form the ion “core”
are unchanged during this procé8she Koopmans’ picture
suggests that specific electronic configurations of the neutral
molecule correlate, upon ionization, with specific cation elec-
tronic states. In excited-state nonadiabatic dynamics, there is a
O change in zeroth-order electronic configuration upon internal
dynamics in isolated chrpmophores ar]d model SYStemS' Theconversion (IC) or intersystem crossing (ISC), accompanied by
dependence of the nonadiabatic dynamics on substituent effects01 large change in vibrational energy. Making use of Koopmans'-
constitutes an important ingredient in understanding and predict-type correlations, femtosecond TRPES has been demonstrated

ing active MSE Processes. In this paper, we present an, disentangle vibrational dynamics from the coupled electronic
experimental study of substituent effects on electronic relaxation (population) dynamics in ultrafast nonadiabatic processes
dynamics in a series of model compounds using time-resolved allowing for a direct view of electronic relaxation proc-

photoelectron spectroscopy (TRPES). Our main purpose here,ggeds 14,30
is to demonstrate that this experimental method allow$aitite, In Figure 1, we show a generic energy level diagram and the
accurate anddirectdetermination of electronic relaxation rates TRpES scheme. An excited-statg iS prepared by a femto-
in polyatomic molecules and to verify that our results fit very ¢acond pump laser. The State is nonadiabatically coupled to
well vyith the current understanding of these dynamics. Sep- a lower lying state $., leading to an electronic relaxation
ondarily, we hope that these types of phenomenological studiesprocess. The two coupled electronic states are photoionized after
can contribute toward the development of “basic rules” govern- 5 tme delay At by a femtosecond probe laser and the
ing substituent effects in active MSE processes. photoelectron spectrum, containing band<®) and e-(en_1),
Femtosecond TRPES (for a recent review, see ref 3) appearss measured. Two limiting cases have been identified: type I,
to be emerging as a powerful technique for the study of the favorable case of complementary ionization correlatiéns,
electronic relaxation dynamics in isolated molecules, as it allows and type |l, the unfavorable case of corresponding ionization
for the study of sequential ultrafast electronic processéesth correlations'® In type | systems, the two nonadiabatically
optically bright and dark states. Its application to polyatomic coupled electronic states, &nd $-1 correlate upon ionization
nonadiabatic dynamics was proposed theoretically over 10 yearsto differentcation electronic states (e.gn S Do, Si—1 — Dy).
agd' and first demonstrated for the case of-S internal As long as the two cation states are energetically well separated,
conversion in hexatriefe TRPES has been applied to wave this situation favors the disentangling of electronic from
packet dynamics in simple systefs? intramolecular vibra- vibrational dynamics. The electronic relaxation dynamicsin S
tional energy redistributiol, internal conversio#?~18 photo- and $-1 may be clearly and separately determined. For a more
dissociation dynamic¥,?Cintersystem crossing};?2intracluster detailed discussion, see ref 17. In type Il systems, the two
reaction dynamic$® and excited-state intramolecular proton- nonadiabatically coupled electronic statgsBd $-1 correlate
transfer dynamicd! The outgoing photoelectron may also be upon ionization to theamecation electronic states (e.gn S
differentially analyzed as a function of time with respect to Dy, S,-1— Do). In this case, the ability to extract the electronic
angular distributior?2-25-27 Additionally, time-resolved photo-  relaxation dynamics in each state depends strongly on the

Ultrafast electronic relaxation processgtay a central role
in photochemistry and photobiology, internal conversion (IC)
and intersystem crossing (ISC) being the two major nonradiative
pathways. The tacit dynamical principle is the nonadiabatic
coupling of electronic and vibrational motions. Due to the
complexity of the interactions and the difficulties of spectros-
copy in “real devices”, it is often of interest to develop methods
to study the details of excited-state electronic relaxation
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understanding of aromatic photophysics in order to validate our

‘ general experimental approach.

1. Photophysics of Benzenes

\O
e

The understanding of nonadiabatic dynamics in aromatics is
quite well developed. There have been many experimental and
theoretical studies of ;:Slectronic relaxatiofrboth S—S IC
and S—T; ISC—in gaseous aromatic molecules. For molecules

H such as benzene, naphthalene, anthracene, tetracene, and their
derivatives’? 5,—T; ISC is the predominant electronic relaxation

BZA STY IND
benzaldehyde styrene indene

o}

channel at small excitation energies where it is favored by
Franck-Condon (FC) factors. Benzene, for example, has a long
lifetime of 106 ns at its § origin32 The effect of ring
heteroatoms can be seen in the azabenzenes pyridine, pyrazine,
ACP CMeSTY OACT and pyrimidine, which have much shorter lifetimes, 42 ps, 119
acetophenone o-methylstyrene phenylacetylene ps, and 1.8 ns respectively,at their S origin, due to the

Figure 2. Molecular structures of the monosubstituted benzenes used presence of low-lying a™ states. That azabenzene_s have a
in this work. Three different electronic substituents were usedOC higher phosphorescence_quantum ylelds .af‘d .relalltlveI.y lower
C=C, and G=C, leading to different state interactions. The effects of fluorescence quantum yields at theig Srigin is likewise
vibrational dynamics were investigated via the use of methyl group €xplained by the strong spirorbit coupling between thesrf
(floppier), as ina-MeSTY and ACP, or a ring structure (more rigid), ~andzz* states, leading to enhanced ISC rattst
ﬁg\ig '256 f;gfegtrouep ??gg;ggjbﬁsczrr]%ﬁ%ci::lgae\:ﬁezrégszg jT_f\‘(d 'IAI\?DP Increased vibrational energy leads to both quantitative and
o-MeSTY (sameygs STY), an@ACT have L;nfavorable typé Il l gualltat|v7e_4(c):hang(_as N eleCt.romc relax_atlon dyr_]amlcs' In
ionization correlations. enzené’~0 a rapidly increasing electronic relaxation rate at
larger excitation energy, the so-called “channel-three” decay,
is attributed to $—S 1C.4142 The threshold for channel-three
Franck-Condon displacements (geometry changes) upon non-decay in benzene is approximately 3000 émbove the §*)
adiabatic crossing and ionization. Of relevance to this paper, if origin. With increasing size, the channel-three threshold falls
the molecular frame is fairly rigid and the displacements are in the order benzene naphthalene< anthracenes tetracene.
small, then there will be a tendency to conserve the vibrational Sobolewski et at? performed quantum-chemical calculations
guantum number upon ionization. Since the nonadiabatic proces$n potential energy surfaces (PES) for benzene isomerization
converts the electronic energy of, $ito vibrational energy  to prefulvene (diradical form); they concluded that thePES
within S,_1, the excess vibrational energy will appear as a Mminimum is separated from that of prefulvene by a 3750%tm
downshift in the photoelectron spectrum, allowing at least partial barrier, in accordance with the threshold for channel-three decay
deconvolution of the electronic relaxation dynamics in each in benzene. The proposed IC pathway starts at imiSimum
state. For a more detailed discussion, see ref 18. geometry and then overcomesinnels throughthe transition
In the following, we present a TRPES study of electronic State to prefulvene, whereupon it enters the@face via $—
relaxation dynamics in a series of monosubstituted benzenes o IC. Strong repulsion between, &nd $ surfaces along the
We concern ourselves in the present study only widttronic coupling coordinate contributes to the lack of a potential barrier
population dynamics and integrate over any vibrational dynamics from prefulvene to benzene.
within each electronic state. To emphasize the effects of There exist few direct measurements of the lifetimes of the
substituents on ultrafast electronic relaxation dynamics, we focussecondrz* states in benzene derivatives. Thg(s5r*) elec-
on the first and secondz* states of these aromatic systems tronic relaxation of several aromatic molecutdgenzené?
and on substituents that are expected to have electronic effectsbenzene dimet} benzene(ammonigglusters?® phenol!® azo-
We chose six benzene derivatives, shown in Figuréénz- benzendf naphthalen® and phenanthref&-has been recently
aldehyde (BZA), styrene (STY), indene (IND), acetophenone investigated. [N.B., in nonaromatic systems, studies have been
(ACP), a-methylstyrene ¢-MeSTY), and phenylacetylene carried out on $electronic relaxation dynamics in polyefés
(¢ACT). This choice of substituents allowed us to address two such as butadiené® Z(E)-hexatriene;*® EZ(ZE)-octatriene??
main points: (1) the effect of the substituent on the electronic octatetraene!>?decatetraent;'730535and longer polyen€es: 7
states and couplings and (2) the effect of the substituent on theThese aromats typically show a subpicosecond lifetime for the
rigidity or floppiness of the molecular frame. Three electroni- Sx(zz*) state with a much longer lifetime for the G*) state.
cally distinct substituents were chosern=0, C=C, and G=C. In general, the Sstates might be expected to exhibit greater
For the G=C, potential off-axis conjugation effects with the sensitivity to the electronic structure of the substituent than do
ring in STY can be contrasted with the lack of these in tke(C the S states, which decay predominantly as does benzene.
of pACT. For the heteroatomic substituent=0, the influence Previously reported experimental values of the first and second
of the additionahs* state on thezsr* dynamics is investigated ~ zzr* state electronic energig&s 52 and the ionization potentials
by comparing BZA with STY and ACP witlx-MeSTY. The (IP)83-67 for the molecules studied here are given in Table 3.
effects of vibrational dynamics and densities-of-states on A simplified picture of the four lowestrz* transitions in
the electronic relaxation rates were studied via both methyl benzene, based on one-electron molecular orbitals, is obtained
(“floppier”) and alkyl ring (“more rigid”) substitution: STY is from the Platt perimeter mod& .The inclusion of configuration
compared with both the floppier-MeSTY and the much more interaction in quantum-chemical calculations of benzene in these
rigid IND; BZA is compared with the floppier ACP. We four states, degenerate in zeroth order, yields states with energy
compare the results of oulirect measurements with existing  order Ly(Sy, Bay) < La(Sz, Biy) < Ba, Bo(Eyy).5! Transitions to
values for benzene and place them in the context of the acceptedtates B and B, are electric dipole-allowed, but those to states

e
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TABLE 1: Calculated Excited State Energies and State Symmetries of Some Monosubstituted Benzehes
1 2 3 4 5 6 7 8 9 10
BZA T1(1A") T, (1A") S (1AY) T3 (2A") T4 (3A") S (2A) Ts (4A") S (3A") S, (2A") S5 (4A")
3.14 3.30 3.69 4.00 4.46 4.78 5.15 5.31 5.68 6.41
ACP T1 (1A") T2 (1A") S (1A") T3 (2A") T4 (3A") S (2A") Ts (4A") S (3A") S, (2A") S5 (4A")
3.21 3.36 3.7 4.07 4.46 4.83 5.13 5.32 5.62 6.38
STY Ti (1A) T2 (2A") T3 (3A) T4 (4A) Ts (5A) S1(2A) S (3A) S (4A) Sy (5A) S5 (6A)
2.88 4.19 4.35 4.73 4.84 4.93 5.14 6.03 6.54 6.73
IND Ti(1A) T2 (2A") Ts (3A) Ta(4A) S (2A) Ts (5A") $ (3A) S (4A) Sy (5A) Ss (BA)
2.97 4.15 4.30 4.66 4.86 4.87 5.02 5.87 6.43 6.55
#ACT T1 (1A) T2 (2A) Ts (3A) T4 (4A) Ts (5A") S1(2A) S (3A) S (1A7) Sy (4A) S (2A")
3.24 4.41 4.43 4.83 4.97 5.07 5.28 5.36 6.29 6.35

aTD/B3LYP/6-31G* vertical excitation energies (in eV) at the B3LYP/6-31G*-optimizegg@ometry. The electronic relaxation dynamics of
states marked in bold were studied in this work.

TABLE 2: Calculated Cation State Energies and Symmetries of Some Monosubstituted Benzefes

0 (IP) 1 2 3 4 5 Koopmans’ correlations

BZA Do (1A") D1 (1AY) D, (2A") Ds (2AY) D. (3AY) Ds (4A7) S, S~ Do, D2+ € } ype |
9.22 eV +0.03eV  +0.11eV  +253eV  +256eV  +2.72eV S—D;,Ds+ e

ACP Dy (1A D1 (1A") D, (2A") Ds (2A) D (3A) Ds (3A") S,— Dy, Do+ e } ype |
8.85 eV +0.07eV  +0.23eV  +2.63eV  +2.76eV  +2.77eV S— Do, D3+ e

STY Do (1A") D1 (2A") D, (3A") Ds (1A) D4 (2A) Ds (4A") S,— Do, D1+ € } ype I
7.88 eV +1.19eV  +2.48eV  +3.39eV  +3.74eV  +3.95eV S—Do D+ e

IND Do (1A") D1 (2A") D, (3A") Ds (1AY) Da (4A") Ds (2A) S,— Do, D1+ € } woe Il
7.59 eV +1.20eV  +2.53eV  +3.42eV  +3.87eV  +3.93eV S—Do D1+ e yp

#ACT  DO(1A") D1 (2A") D2 (1A) D3 (3A") D4 (2A) D5 (3A) S,— Do, D1+ & } woe |l
8.21 eV +0.63eV  +1.31eV  +242eV  +322eV  +3.46eV S— Do D1+ e yp

aTD/B3LYP/6-31G* vertical excitation energies (eV) at the B3LYP/6-31G* optimizedj@ometry. The cation excited state energies {Pare
given relative to theertical IP. The Koopmans’ correlation indicates the channel expected for single photon, single active electron ionizatio

the electronic channelsqD, were open in these experiments.

TABLE 3: Experimentally Determined Electronic Relaxation Time Constants ¢) and Energetics for Benzene and lts
Monosubstituted Derivatives

2nd ot 1stma* 2nda* 1st a*
IP (eVy E (eV)? E (eV) 7 (fs)Pe vib energy (cm?) 7 (pspe vib energy (cm?)

benzene 9.24 6.05 4.75 50 1210 6.7 11690

STY 8.46 4.88 4.31 52(5) 0 88(8) 4550

o-MeSTY 8.50 n/a n/a 18(3) 0 39(3) ~4600

IND 8.14 4.76 431 43(5) 920 274(9) 4550

PACT 8.83 5.20 4.45 54(7) 0 63(5) 5800
9.4(7) 9860

BZA 9.57 5.13 4.36 67(6) 0 0.440(8) 0
0.340(7) 406
0.300(7) 955
0.125(8) 6140

ACP 9.38 5.17 4.39 n/a n/a 0.14(1) 0

aEnergetics and time constants for benzene are taken from ref 12. Energetics for styrene are from refs 58y-61etb@lstyrene, ref 64;

indene, refs 62, 65; phenylacetylene, refs 58, 61, 63; benzaldehyde, refs 58, 59, 66; and acetophenone, refs 58, %60hanané@értainty £10)
is in units of the last significant figuré.ltems in bold are from this work.

L, and Ly, are forbidden for one-photon transitions from the transition moment polarization ipACT is along the axis

electronic ground electronic statg. £, and Ly, are vibronically
allowed via g stretching and gbending modes, respectively.
For the molecules studied her€(or Cp, symmetry), both L
and L, become symmetry-allowed for one-photon transitions such similar transition moment polarizations that the differentia-

from the ground state, but the energetic ordering p&ihd Ly,

Discrete vibrational bands were observed in the first*
transitions for these molecules. For instance, according to aresonance-enhanced multiphoton ionizafion.
rotational analysis of theSS; fluorescence excitation spectra
of STY and¢ACT ®! the §(mz*) origin band inpACT has a
b-type structure, like that of most monosubstituted benzenes,benzené? benzene dimer¥,and benzene(ammonjalusters®
whereas the corresponding band in STY has an a-type structurelt appeared that directb8rr*) —S IC dominates over frr*) —
Thus, the gna*) state of pACT has Ly character, but the
Si(tr*) state of STY has L character. This reversal of the
electronic character in;SSTY was attributed to the presence
of off-axis conjugation with the €C group®! The § — S,

n. Only

perpendicular to theé-C=CH bond (L,). It changes to almost
parallel (L) to the »-C=C axis in STY, due to conjugation

with the HC=CH, group. In STY, the $and $ states have

tion into Ly and L, essentially vanishes. In vapor-phase
depends on the nature of the substituents on the phenyl ring.absorption spectra of INE%the origin of the §(zzzr*) transition
is in accord with that determined in a supersonic jet by

A recent study combined TRPES with coincident detection

of ions and electrons to observe IC of the(sf5t*) state in

Si(zr*) IC. The reported lifetimes of benzene were 50 fs and
6.7 ps for $(w*) and S(w*) states with vibrational energy

1210 and 11690 cmi, respectively. The §S; and S—%
conical intersections of benzéfiavere calculated with an ME
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SCF method using a 4-31G basis set; the & crossing surface
extends into the vicinity of the;5S; conical intersection, which

is near the &mzr*) minimum. In S(zrr*) electronic relaxation,
the subsequentiSS, decay occurs via passage through an
efficient $—S; conical intersection. In the benzene diriéthe
Sy(qrr*) lifetime of 40—50 fs is similar to that of the monomer,
but the S(zr*) decay is prolonged to 168300 ps. Likewise,

for benzene(ammonigaglusters?® the S(zz*) lifetime of 100

fs is slightly longer than that of benzene monomer, and the
Si(tr*) relaxation is also prolonged up to 100 ps as in the

J. Phys. Chem. A, Vol. 106, No. 39, 2002983

the turbo-pumped (Seiko-Seiki) UHV electron drift tube (base
pressure 2x 10710 Torr). To minimize deleterious surface
potential effects, in vacuo bake-out lamps in the UHV regions
kept interior surfaces of the spectrometer hot<&00 °C) at

all times to maintain constant energy calibration over extended
periods. Benzaldehyde, acetophenone, styremeethylstyrene,
indene, and phenylacetylene (all Aldrich) were used without
further purification. During experiments, glass reservoirs of
styrene o-methyl styrene, and phenylacetylene were kept at 22
°C, benzaldehyde at 5Z, acetophenone at 6%, and indene

benzene dimer. Of interest to the present study, hindered out-at 65°C in order to obtain optimal seed ratios for the molecular

of-plane motion in these clusters could potentially restrict
vibrational motions, leading to the;SSy conical intersection
funnels, thus increasing the $fetime.

lll. Experimental Section

The experimental arrangement is described in detail else-
where’0 Briefly, in this work we employed a broadly tunable

femtosecond laser system combined with a supersonic molecula
beam magnetic bottle photoelectron TOF spectrometer in order
to measure electronic relaxation dynamics in monosubstituted

benzene derivatives.

r

beam expansion. The organic vapor was seeded in He at a
stagnation pressure of typically 36800 Torr.

Single photoelectrons were timed and counted using a 300
MHz discriminator with a 500 ps/bin resolution multichannel
scaler (FastCOMTEC 7886). The TOF measurement permitted
each laser shot to be rapidly transferred to a computer for active
laser energy filtering, one-color background subtraction, and
data normalization. Data were discarded if the corresponding
energy of either the pump or probe laser pulse fluctuated by
greater than 30% from the mean. The punppobe photoelec-
tron spectra, recorded as a function of time delay, were obtained
by subtraction of one-color (i.e. pump alone and/or probe alone)

The femtosecond laser system consists of a Ti:sapphirebackground spectra atach time step and normalized with

oscillator (Spectra Physics, Tsunami, 830 nm, 70fs) pumped
by a diode-pumped Nd:YLF laser (SP, Millennia). The oscillator
seeded a Ti:Sa regenerative amplifier (Positive Light, Spitfire)
pumped ly a 1 kHz Nd:YLF laser (Positive Light, Merlin). This
output was further amplified in a two-pass linear Ti:Sa amplifier
(Positive Light) pumped by a second Nd:YLF laser (Positive
Light, Merlin) to yield 2.5 mJ, 830 nm compressed, 70 fs pulses
at a 1 kHz rate. Broadly tunable radiation was obtained from
two optical parametric amplifiers (Quantronix/Light Conversion,

TOPAS). The femtosecond signal and idler outputs of these were_
externally sum-mixed with a separate 830 nm femtosecond pulse

to generate visible light. After frequency doubling or sum-

respect to fluctuations in laser pulse energy and molecular beam
intensity. Photoelectron energies were calibrated via the well-
known two-photon nonresonant photoelectron spectrum of NO.
trans-1,3-Butadiene (¢Hg) has a $ state lifetime of ap-
proximately 15 fs, estimated from a width of 980 chfwhm

for the origin band® As this is much shorter than the100—

150 fs UV laser pulses used in the present work; it was used to
determine the pumpprobe cross-correlation (instrument re-
sponse) function and the absolute punmpobe time zero At

0). The nonresonant ionization of NO gave similar cross-
correlation functions (CC). In these experiments, the CC had
fwhm in the 136-210 fs range, depending on the nonlinear

mixing with a separate 415 nm femtosecond pulse, both pump mixing scheme used. The CC were measurecsfmhexperi-

and probe UV beams were generated. A 208 nm probe pulse

was generated directly by frequency quadrupling of a funda-
mental 830 nm pulse. In all cases both pump and probe UV

beams were recompressed in a double-prism configuration

before being collinearly combined with a dichroic beam splitter.
Importantly, the UV intensities used in these experiments were
kept below 1x 10" Wicn? in order to avoid multiphoton
ionization and strong field (ponderomotive) effects on the
photoelectron spectrd.This was achieved by using a long focal
length ¢ = 80 cm) Al mirror to mildly focus the pump and
probe pulses into the interaction region of the photoelectron
spectrometer.

ment and are plotted along with the time-resolved data for each
molecule. In the data analysis, the electronic lifetime of
butadiener, = 15 fs was taken into account in the temporal
response of the CC. The origin bands of the second
electronic transitions were excited for all molecules, except for
o-methylstyrene (near origin) and indene (920¢rabove the
origin). Several different vibrational levels of the first* state
were directly excited for the cases of benzaldehyde and
acetophenone. To investigate the possibility that the extracted
time constants were sensitive to the photoionization dynamics
(i.e., direct vs possible autoionization of superexcited states),
we varied the probe laser photon energy significantly. No

The molecular beam photoelectron spectrometer consists ofsensitivity of the fits to the probe laser wavelength was observed

a high-intensity molecular beam source chamber, a differentially
pumped interaction region (wita 1 T electromagnet for 2
electron collection), and a differentially pumped solenoidal (1
mT field) electron time-of-flight tube with a microchannel plate
detector. The source chamber (base pressuxe1® 7 Torr)
was pumped by four Edwards EO250 Diffstak diffusion pumps
(net speed= 10 000 L/s), and a continuous molecular beam

in these cases.

IV. Results and Analysis

In Figure 1, Qs the electronic term value of theh singlet
state and Pis the electronic energy of thjéh doublet state of
the cation. Jet-cooled ground statg)(®olecules were optically

was generated with a nozzle (diameter 0.5 mm) and a 0.3 mmexcited to electronic state,Svith a femtosecond pump pulse

diameter skimmerA 1 mm skimmer located in the turbo-
pumped (Seiko-Seiki STP400C) UHV interaction chamber (base
pressure 2 107° Torr) helped to collimate the molecular beam

hvpump thus forming a wave packet. After a time delay, the
wave packet in the nonadiabatically coupledSs-1 manifolds
was projected onto the ionization continuum with a single

through the magnet pole pieces. Photoelectrons emitted into thephoton from a femtosecond probe pulsgone The emitted

upper hemisphere were parallelized by the highly divergent 1
T magnetic field at the interaction point and then guided to the
detector by the 10 G solenoidal guiding magnetic field along

electrons, ande,—1 were then energy analyzed using the time-
of-flight (TOF) technique. Only cation stateg With j < 2 were
energetically accessible in these experiments. The electronic
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relaxation process transforms the electronic energy difference
AE(S,—S,-1) into vibrational energy within $.1, which itself
subsequently decays via a secondary electronic relaxation
process. Photoelectron spectroscopy completely (or partially,
depending on the molecule) separates the two bangs:
corresponding to the highéi, region ande,—; to the lower
Exin region of the spectrum. We integrated over each photo-
electron bandy, andep—; in order to extract the time dependence
of the electronic populations of,S&nd $-1, as we concern
ourselves solely with the electronic population dynamics at
present.

To discern the substituent effects on the electronic level
structure, we have carried out quantum chemical calculations

00 05 10

at the TD/B3LYP/6-31G* level on the neutral excited states of e Kinetic Energy (eV)
BZA, ACP, STY, IND, andpACT. We calculated the vertical  Figure 3. A typical time-resolved photoelectron spectrum, shown here
excitation energies at the optimized B3LYP/6-31G*gBound- for STY with Apump= 254.3 Nnm andiprobe = 218.5 nm. The energetics

state geometry for the first seven neutral electronic statesand IP allow for assignment of the photoelectron bands to ionization
(singlets and triplets) and for the next three lowest singlet states.?ifngz(’t’r’z) gg‘;’%@”ﬁﬁé’{%ﬁi}e&eﬂg‘; tﬁg;i “i?,'fi':ﬁf ::r;?nk/):rnszigﬂeis
These are given, along with their SFate symmetr!es, in Table 1. imm’ediately apparent as a downshift in electron kinetic energy, despite
It can be seen that;S~ S, electronic relaxation in BZA and  the fact that STY has unfavorable type II ionization correlations. The
ACP will be promoted by antisymmetric modes, whereas in S, state can be seen to decay on ultrafast time scales. Tlstat®
STY, IND, andpACT, it will be promoted by symmetric modes. decays on a much longer (ps) time scale. For a discussion, see the
Additionally, due to the proximity of low lying triplet states of ~ text.

A’ symmetry in BZA and ACP, it is expected that the(8")
singlet states of these molecules will undergo rapid intersystem
crossing. By contrast, the lower lying triplet states in STY, IND,
and pACT have the same symmetry 'jAas the $A') state.
Therefore, the Sstates of these molecules are expected to
undergo slow (due to the large gap) internal conversion to the

So ground state, rather than ISC. of S, — S internal conversion in phenanthrele.

To discern_ the Koopmans’ ionization correlations used in t_he A typical example of a time-resolved photoelectron spectrum,
TRPES assignments, we have also calculated the verticalgy at Apump = 254.3 nm andiprope = 218.5 nm, is shown in

ionization potentials at the optimized B3L'YP/6-31Ggggound- Figure 3. All time-resolved photoelectron spectra for all
state geometry and catlgn vertical excited-state energies at theygjecules studied here have similar signal-to-noise ratios. Using
optimized B3LYP/6-31G* [3 ground-state geometry for the first  ha reported electronic energies of first and secant states

five doublet cation electronic states of BZA, ACP, STY, IND, 514 jonization potential of STY (see Table 3), we were able to
andgACT. These are given, along with their state symmetries, gsign the photoelectron band in the highgs = 0.6—1.0 eV

in Table 2. We now consider Koopmans'-type electronic gnergy range to frr*) ionization and that in the loweEin <
correlations in the photoionization dynamics, using BZA as an ¢ g eV energy range to;Gr*) ionization. It can be seen that
example. The Sstate of BZA is avr* state. Therefore, removal  {he 5(z%) component grows in rapidly, corresponding to the

limited vibrational progressions. In such cases, the two photo-
electron bands will approximately reflect the vibrational energy
content of the state being ionized. Due to the significant increase
in vibrational energy upon internal conversion, this effect is often
sufficient to allow separate monitoring of the electronic
relaxation dynamics in the two states, as was seen for the case

of the excited electron leaves a-hole ion core *(aﬂ_l ultrafast internal conversion of thex(@x*) component. The
configuration). By contrast, the; State of BZAisan state Si(r*) component subsequently decays on a much longer
and removal of the excited electron leaves an n-hole ion core picosecond time scale (not shown). It can be seen that despite
(an m* configuration). The [y cation ,sta}? s a Az STY being an unfavorable type Il photoionization case, the two
configuration and the Dcation state is an /A~ configuration. bands are well enough resolved to allow for unambiguous

Therefore, the expected Koopmans’ ionization correlations are separation of the two channels and determination of the
S;— Doand § — Dy, as indicated in the right-hand column of  sequential electronic relaxation time scales.

Table 2. The Koopmans’ correlations for the other molecules |, Figures 4-10, we show the time-dependence of the
were obtained via similar arguments. It can be seen thatihe S photoelectron bands, and e, 1, obtained in the manner

and § states in BZA and ACP have type | (complementary) gescribed above, for each of the molecules studied. In all figures
correlationst’ favoring the energetic separation of the two e show the cross-correlation function (open circle data points)
ionization channels and allowing for direct observation of the for that particular measurement. To study the effects of the initial
electronic population dynamics in each state, as was seen foljprational energy, three different vibrational states of benz-

the case of §— S; internal conversion irall-trans-deca- aldehyde (BZA) in its first (§ zz* state were excited: Q

tetraene 31417 24, 204 shown in Figure 4ad. It can be seen (discussed in
The S and S states in STY, IND, an@ACT, by contrast, detail below) that the electronic relaxation rate increases with

exhibit type Il (corresponding) ionization correlatiofig he two increasing vibrational excitation. To demonstrate that these

states have a propensity to ionize into the same continua, makingresults are not dependent on the ionization dynamics, we show
the direct observation of the electronic relaxation in each state in Figure 4c a repeat of the, 8° excitation but for a different
more challenging. We note, however, that in these rather rigid probe wavelength (i.e., 219 nm rather than 208 nm). We note
aromatic molecules, the molecular and cationic orbitals under that 219 nm is resonant with a higher lying &cited state in
consideration are essentially all localized on the benzene ring.BZA but that 208 nm is not. Therefore at 219 nm, a photo-
The geometries of the cations resemble those of correspondingelectron spectrum from probe—pump process (dotted line) is
neutral species, and the ionizing transitions thus tend to haveobserved (i.e., the probe beam preceded the pump beam, hence
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Figure 5. Time-dependentfrzz*) photoelectron band integral yields

for excitation of ACP to the $0° vibrationless origin, showing the
C=0 group enhancement of the electronic relaxation rate as compared
with BZA in Figure 4. The pump and probe laser wavelengths are
indicated. Open circles indicate the cross-correlation functions measured
at the same wavelengths. The best fit (solid line) yields the time constant

for the S(n*) state.
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circles indicate the cross-correlation functions measured at the same__ ) )
wavelengths: their fwhm range from 180 to 210 fs. The best fit (solid Figure 6. () Time-dependentGr*) 0° photoelectron band integral
yields for BZA with Apump= 242 nm andipepe = 219 nm. The partial
integration (solid line) over a nonoverlapped 0-7035 eV higher
state, showing faster decay with increasing vibrational energy. (c) €N€rgy range is assigned ta inization. Open circles represent the
cross-correlation (CC) function at these wavelengths. (b) Time-
dependent BZA integral photoelectron yield over-a0035 eV range,
under the same experimental conditions as in part a; the dotted line is
obtained by subtraction of the contribution from staier3*) (dashed
shorter (208 nm) probe wavelength seen in part a. This confirms the line) from the totgl integration. The dotted line, with fitted time constant
accuracy of our fitting procedure and demonstrates that the results are®f 125 fs, is assigned to the,3*) state.

line) yields the time constants for the(8x*) states. (a) Excitation to
the $(Q°) vibrationless origin. (b) Excitation to the,@4") vibrational

Excitation to the §0° vibrationless origin but with a longer (219 nm)
probe laser wavelength. In this case bpttmp-probe(dashed, toward

positive time) angrobe—pump(dotted, toward negative time) signals
are seen. The overall fits yields identicaig fs) time constants to the

unaffected by ionization dynamics. (d) Excitation to thg(28%)
vibrational state, showing faster decay with increasing vibrational

energy.

v T T T v T
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demonstrates our ability to extract accurate time constants from
multicomponent fits. Perhaps even more importantly, the fact

that identical time constants are obtained for the 208 nm (Figure

signal toward negative time delays), requiring a deconvolution 4a) and 219 nm (Figure 4c) probe means that the ionization
technique to extract the shortest time constants. From compari-dynamics are very likely direct and not significantly contami-
son of parts a and ¢ of Figure 4, we see that the fits to the nated by the autoionization of superexcited states.
pump—probe process (positive delay times) yield the same decay To illustrate the effect of the substituent, the time-dependent
photoelectron yield of acetophenone (ACP) excited to its

constant (440 fs) within experimental errof=§ fs). This
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Figure 7. (a) Time-dependent,§r*) 0° photoelectron band integral
yields for STY withAyump= 254.3 nm and.,rone= 218.5 nm, obtained
via partial integration over the nonoverlapped 2520 eV higher

energy range. The corresponding time-resolved photoelectron spectru
is shown in Figure 3. [Inset: Integration over the total photoelectron
yield (closed circles) at short time delays. The solid line is the best fit.

The dotted line is the best fit to the(@z*) component. The dotted
line represents thprobe—pumpprocess, as discussed in Figure 4. The
dashed line is the best fit to the(37*) channel, yielding the decay
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Figure 8. (a) Time-dependent Grr*) photoelectron band integral

yields fora-MeSTY with Apump= 254 nm andiyrepe= 279 nm, obtained
via partial integration over the nonoverlapped-0160 eV higher energy

mrange. Symbols are as defined in Figure 7. Due to the Gaussian

deconvolution procedure, we prefer not to accurately assign fitted time
constants under 20 fs. (b) Time-dependeift3*) photoelectron band
integral yields foro-MeSTY under the same experimental conditions
as in part a, obtained from a fit to the long delay part of the data.

time constant of 52 fs]. Open circles represent the CC at these same

wavelengths. (b) Time-dependen{:&7*) photoelectron band integral

yields for STY under the same experimental conditions as in part a,
obtained from a fit to the long delay part of the data (not shown in

Figure 3).

Sy(7zr*) origin is shown in Figure 5. We see that this leads to
the much faster electronic relaxation time constant of 340
10 fs. The electronic relaxation of the second* state (3) of

decrease with increasing @brational energy, and no evidence
for mode-specific vibrational enhancement was observed.

V. Discussion

To compare our results using time-resolved photoelectron
spectroscopy with previously published work, we plot in Figure

BZA is shown in Figure 6a. The subsequent electronic relaxation 11 the electronic relaxation rates versus vibrational energy of

of the S state formed by internal conversion of iS shown in
Figure 6b. Similarly, time-resolved,Slectronic population
spectra for styrene (STY}-methylstyrened-MeSTY), indene
(IND), and phenylacetylenepACT), each excited near their
Sy(tr*) origins, are shown in Figures 7, 8, 9, and 10,
respectively.

We note that the fitted time constant f@rtMeSTY is 18+

the firstzzr* states of the derivatives studied here. The measured
decay rates of the non-carbonyl derivatives are quite similar to
those of benzene at the same vibrational enétdy/3with the
exception being IND, which relaxes more slowly due to its rigid
structure. By contrast, as seen in Figure 11, the carbonyl
derivatives display a much more rapid decay rate. THeOC
substituent withdraws electrons from the phenyl ring and

3 fs, significantly smaller than for the other molecules. Although introduces low-lying m* states that have a great effect on the
we assumed Gaussian cross-correlation functions in these fits glectronic relaxation pathways. Overall, these results demon-
it is difficult to ensure that there are no systematic (i.e., non- strate that the TRPES method is quite well suited to the study
Gaussian) errors in the fit at such short time scales. In view of of electronic relaxation processes, producing facile, direct, and
this fact, we therefore prefer to state that the electronic lifetime accurate measurements of decay rates that are in agreement with
of the S state ofa-MeSTY is <20 fs. The extracted time the currently accepted understanding of aromatic physics. The
constants for these six compounds at the various excitationresults are discussed in more detail below.

wavelengths shown in Figures—@ are summarized in Table The electronic relaxation rates of(37*) benzene, shown

3. For comparison, the decay time constants of benzene obtainedn Figure 11, include at low vibrational energies both—5

by Radloff et al'2 are also given. The lifetimes of the second fluorescence and the more dominapt-$; ISC’47The S-S

qr* state range in the present work frorn0 to 67 fs. For the IC process becomes important starting at 2300%vibrational
C=C and G=C substituted benzenes, the finst* state exhibits energy-4273and the rate increases sharply untd000 cnr?,

long lifetimes, ranging from 9.4 to 274 ps. This contrasts with after which it increases more slowly up tal2 000 cnt?. This

the first m* states of the €O-substituted benzenes, which dramatic variation of decay rate with vibrational energy is
exhibit ultrashort lifetimes: 440 fs for BZA and 140 fs for ACP. attributed to the transition in the coupling mechanism from
The measured Gr*) lifetimes of BZA indicate a monotonic  tunneling to surface hoppind:® Below the surface crossing
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Figure 9. (a) Time-dependent,@rz*) photoelectron band integral  Figure 10. (a) Time-dependent,Guz*) 0° photoelectron band integral
yields for IND with Apump= 254 nm andiprohe= 219 nm, obtained via  yields for pACT with Apump = 238 NM andipone = 219 Nm, obtained
partial integration over the nonoverlapped 13565 eV higher energy  via partial integration over the nonoverlapped 12510 eV higher
range. (b) Time-dependent(3z*) photoelectron band integral yields  energy range. (b) Time-dependeni(:8:*) 0° photoelectron band
for IND under the same experimental conditions as in part a, obtained integral yields. The solid circles denote the photoelectron yield from 0
from a fit to the long delay part of the data. Symbols are the same as tg 2.10 eV for thepump-probeprocess Withlpump= 238 NM andiprobe
in Figure 7. = 219 nm. The open circles denote the photoelectron yield in the
. . probe—pumpprocess, i.e., Witilyump = 219 nm andlyrone = 238 Nm,
point at~4000 cnt?, the system can tunnel through a barrier toward negative time delays but plotted here toward positive time.
from the upper state to the lower electronic states. Above the Symbols are the same as those defined in Figure 7.
crossing point, the system “hops” from one surface to another
without abrupt changes in nuclear position or momentum. This  Benzene undergoes rapig{&7*) decay at a rate of 1/50 &
change of coupling mechanism produces a marked change inwith a large energy gapE(S;—S;) = 1.3 eV, compared with
the excess vibrational energy dependence of the electronicthat 0.57 eV in STY. Despite this large energy gap difference,
relaxation rate, with a smaller slope in the hopping region. both molecules have similar decay rates. (Recall that ster®)

(A) Electronic Effects of the Substituent.Leopold et aF8 lifetime of azulené®&is ~2 ns with a large energy gap of
measured jet-cooled absorption spectra to the secafidtate AE(S,—S;) = 1.8 eV). Clearly, the simple energy gap law fails
for STY, ACT, BZA, and ACP. Additionally, several,Gr*) to explain the electronic relaxation rates obtained in this work.

vibronic bands of jet-cooled BZ& and ACP° were recorded  For BZA, the §(zr*) 0° decay rate is 1/67 f4, close to that

by laser ionization and laser-induced fluorescence, respectively.of benzene at 1/50 f&: this contrasts with the vastly different
The most prominent vibronic bands, arising mainly from decay rates in their firstz* states.

motions in the substituent and substituent-sensitive ring modes, BZA and ACP each have an additionai*nsinglet state that
contrast with those in the firstz* transition, which primarily is assigned to the first transition from a nonbonding orbital of
involves motions localized in the phenyl ring. According to oxygen taz* of C=0 chromophore. We investigated the energy
vapor-phase absorption spectra of IRz, diffuse system begins  dependence of electronic relaxation rates for three low-lying
near 260.4 nm, and the position of the first observed broad bandvibrational states plus one lying 6140 chabove the Ez*)

is assigned to the transition to the origin of the secamnd origin in BZA. This highly excited vibrational state is expected
state. The diffuse vibronic bands in these systems suggest thato have poor FranckCondon overlap for direct S-Sy(7z7t*)

the lifetimes of the secondx* state are rather short. This is  electronic transitions, but can be prepared vig>S3(rr*)
consistent with our experimental data: the measured decay ratelectronic transition, followed by rapicsSS; IC. In Figure 11

of the secondr* states are similar to that of benzene, except and Table 3, we can see that thgs5r*) decay rates of BZA
for o-MeSTY, which displays an even shorter lifetime. These and ACP increase monotonically with vibrational energy,
findings suggest that a conical intersection between the first showing no vibrational mode specificity. Comparing thé&ig*)

and the secongx* states is expected near the secamdt state decay of benzene with that of four non-carbonyl compounds at
minimum, as in benzene. The results of MC-SCF/4-31G similar electronic energies, we found that the first* state of
calculations on benzeffeshow that the §-S; conical intersec- BZA has a decay rate 2.4 10° times greater than that of

tion is located above the minimum o$(@x*) by 9.1 kcal/mol. benzene at the origin and 400 times greater than that of benzene
Likewise, theoretical resufts based on a hybrid molecular at 6000 cm? vibrational energy. BZA and ACP also show a
mechanicsvalence bond method indicate that the-S; conical Si(wn*) decay rate 3.3x 10* times greater than that of STY;
intersections for STY and IND are near thgs87*) minimum, the lifetime of which was estimated to bel4.6 ns in

in agreement with our experimental data. 3-methylpentane solveft.
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1P s 1 via a pump-probe ionization technique; a mechanism
was proposed involving rapid electronic relaxation followed by
the dissociation of triplet states intoglds(T1) and CO(X)
products. Furthermore, the photon emission lifetime of ACP is
540 ns upon excitation to the(&x*) origin and 130 ns when
excited at Q(mn*)12¢1. These lifetimes greatly exceed the
directly measured values, indicating that the emitting states likely
contain significant triplet charactét. Unfortunately, in our
TRPES experiments on BZA and ACB(&7*) excitation, the
formation of the §(nz*) and the low-lying triplet states was
not directly detected because there was insufficient photon
energy for #1 ionization detection and insufficient probe laser
intensity for H-2 ionization detection of these. The(&7*)
relaxation pathways to eithep 8irectly or via S(nz*) followed

by ISC to triplet states cannot be differentiated in our experi-
mental data. Theoretical calculations on coupling among these
low-lying singlet and triplet electronic states would help to
elucidate this mechanism.

(B) Effects of Substituent Rigidity. IND is a prototype for
investigating the effects o§-C=C torsion on IC rates by
comparing it with STY8® IND has a rigid five-membered ring
structure that inhibits deformation to the prefulvene-like geom-
etry, consistent with our observed(%7*) decay rate of 274
ps for IND, as compared with 88 ps for STY (see Table 3).
Interestingly, a similar type of behavior appears to exist in the

assumed to have the same vibrational energy as that in STY. ThesePenzene dimer and benzene(ammaygh)sters**>The results

data suggest that the firstr* states of STY,a-MeSTY, IND, and
¢ACT electronically relax essentially via benzene ring dynamics. By
contrast, the firstrzr* states of BZA and ACP electronically relaxders

of magnitudefaster, indicating a completely different and extremely
efficient mechanism. This is due to the presence of low-lyifjsiates

in BZA and ACP, absent in the other systems, which led to ultrafast
intersystem crossing and the formation of triplet states.

It is instructive to compare the heteroatom effects in BZA
and ACP with other heteroatom systems. The lifetime of high-
lying vibrational levels of §nz*) states of the azabenzenes
pyridine, pyrazine, and pyrimidine near theig(@t*) origin

of MC-SCF/4-31G calculations on benzéhshow that the §-

S conical intersection resides 14.2 kcal/mol above #{e8)
minimum and 5.1 kcal/mol above the adjaceatS; conical
intersection; in STY the S-S intersection is around 5.9 kcal/
mol above the $S; conical intersectio® Other theoretical
studie$® using hybrid molecular mechaniesalence bond
methods show two S S conical intersections in STY lying
8.4 and 10.2 kcal/mol above thg(@7*) minimum. By contrast,

in IND four conical intersections were found to lie at-223.4
kcal/mol above the fmz*) minimum. The S—S; conical
intersections in IND lie at higher energies than those in benzene
and STY because out-of-plane motion is inhibited by the rigid

were estimated to be 1.3, 17, and 35 ps, respectively. In dirEthive-membered ring. All calculations on STY and IND were

Sy(tr*) excitation, it was assumed that the(8r*) —S;(nz*)

IC rate is much more rapid than the(8t*) decay rate’®
Theoretical calculations on pyrazitiéndicate that the nz*)

PES intersects the,Gr*) surface near the Sminimum and,

via thev10{B1g) vibrational mode, form a conical intersectigh.
Theoretical result$ also indicate that the pyrazine @=z*)
surface exhibits a behavior similar to that of the benze(e/3)
surface, the latter correlating with the ground state of the
prefulvenic form and, therefore, there exists no isomerization

barrier in the reaction path. Hence, there are two pathways for

rapid electronic relaxation in the pyrazine(&rt*) state.
Experimentally, the fzzr*) absorption bands of pyrazine are
completely diffusé?® in contrast with those of &rz*) of
benzene. This is also in agreement with theoretical re$uilts.
Consequently, for BZA and ACP, each with a low-lyingr8r*)

performed at energies near the 1®@gion, but the qualitative
results are analogous to those for benzene. The similarity of
these benzene derivatives leads us to expect that near;the S
minimum of STY and IND there exists at least one-Sg
conical intersection similar to that in benzene. The barrier to
the prefulvene-like diradical form for IND might be greater than
that for benzene because the more rigid structure inhibits out-
of-plane motion.

We investigated the effect of floppy modes and internal
rotation on electronic relaxation rates through a comparison of
(i) ACP with BZA and (ii) .-MeSTY with STY. A methyl group
should have only a small effect on the electronic energy. Thus,
the vibrational energy of the coupled(8n*) state can be
assumed to be roughly the same for methlyated and non-

state, their rapid electronic relaxation rates are much greatermethylated derivatives at the same excitation wavelength. The
than that of benzene because (i) the isomerization pathway toelectronic energy of the second™* state of ACP is only 212

the prefulvenic form has no barrier, as in the case of pyrazine,

or (ii) because electronic relaxation tg(is7*) followed by rapid
ISC to triplet states becomes important. Singén*) — S
phosphorescence of BZA was observed upg(x$8) excita-
tion83 it was suggested that a)(@z*) —Ty(n7*) relaxation
channel may exist prior to phosphorescence.

From photodissociation studies of BZA near thgag*)
origin 8 the decay rate of triplet BZA was found to be 1x2

362 cnr! above that of BZA. The measured lifetime of the
Sy(r*) 00 state of ACP is 140 fs, consistent with<260 fs
estimate based on a linewidth in a laser-induced fluorescence
spectrunf? Interestingly, the decay rate in ACP 3stimesas
rapid as that in BZA. The small increase in internal energy of
212-362 cnt! should not account for this significant increase
in decay rate. Likewise, the methyl effect ia-MeSTY
compared with STY shows a simil&-fold enhancement for
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Sy(7¥) 00 electronic relaxation (ang2-fold enhancement for
Sy(7tr*) relaxation).

We have recently completed a detailed comparison of
electronic relaxation rates in the following simpler linegf-
enones: acrolein (i.e., propenal), methyl vinyl ketone (i.e.,
o-methylpropenal), and crotonaldehyde (i.esmethylpro-
penal)®”88 Very dramatic effects on the electronic relaxation
rates due to the location of the methyl group were observed:
upon S(zzr*) excitation, crotonaldehyde relaxeeb timesmore
rapidly than either methyl vinyl ketone or acrolein. This methyl
group enhancement observed in th-enones appears quali-
tatively similar to our experimental findings here. One might

J. Phys. Chem. A, Vol. 106, No. 39, 2002989

data indicate roughly that, for the hydrocarbon derivatives,
Sy(m*) — Si(wr*) is a dominant decay pathway, but in BZA,
by contrast, &mrr*) —Sy(7tr*) is a minor channel. We note that
this conclusion is valid only if the ionization cross-sections are
roughly equal, and this is not obvious. However, supporting
this picture, Hirata and Lim had previously suggested that in
BZA, Si(nt*)—S, IC opens up and competes with(&t*) —
To(w*)IT 1(nr*) 1ISC following Ss(rr*) — Sy(nor*) conversion
(either directly or via gzz*)) because the phosphorescence
guantum yield from the Knz*) state decreases upon(3r*)
excitation®®

expect in the Golden Rule sense that the methyl substituentVI Conclusion
increases the density of vibrational states and therefore a faster
decay rate is obtained. However, as seen in Table 3, even when

BZA has~1000 cnt? of excess vibrational energy, its electronic
relaxation rate is still less than half of that of ACP at its
vibrationaless origin. Furthermore, the identical number of
degrees of freedom in methyl vinyl ketone and crotonaldehyde
suggest that vibrational density of states is not the dominant
effect. The methyl effect on the torsional conical intersections
could be due to a change in diabatic vs adiabatic torsional
dynamics at the conical intersectfdr{an inertial effect) and/

or to a very subtle reordering of the conical intersections upon
methylatiorf® (an electronic effect). We speculate that this
methyl group effect on €C conical intersections seen in the
o,3-enones is of a more general paradigm. If so, it is worthy of
further investigation, as these simple substitutions could be use
to provide an important new type of control over the electronic
branching ratios that determine the efficiency of active MSE
systems.

(C) Electronic Population Dynamics.As a final point, we
consider the relative intensities of the photoelectron bapnds
anden—1. We observed electronic relaxation dynamics in the S
and $-; states. The subsequent dynamics in lower lying states
(Sh—2 or Ty) were notdirectly detected, due to poor FC overlap
with the cationic states. Their effects, however, were seen in
the electronic relaxation dynamics of the-§$ states. We
consider the relative time-dependent electronic populatais
and Pn4(t) of the S, and $-1 states, respectively, in a very
simple consecutive reaction model:

S-S, 1——S, , (Or=Ty)

Pa(t) = Py(0) expt-tz,)

Pn—l(t) = Pn(o)rn—ll(rn - Tn—l)[exp(_tlrn) - exp(_t/rn—l)]
1)

Pr(0) is the initial population of $Screated by femtosecond pump
laser photoexcitationif the ionization cross section of, $
assumed to be approximately equal to that,pfiSheir relative
yields will be a function only of the measured decay time
constants of the sand $-1 states. For example, the amplitude
of the S(zz*) component relative to that of 3Gr*) can be
evaluated from the ratios of their time constants. In BZA, we
have observed that the measured amplitude,@f/8) is only
25% of the value expected (based on the ratio of the time
constants) relative tozGrr*). By contrast, for the hydrocarbon
derivatives, the ratio of of the;8t*) to Sy(r*) amplitudes
agrees with our predicted ratio. Tig—1(t) of STY, as shown

in the inset of Figure 7a, is 3 times greater ti&(t), in contrast

to BZA, for which the amplitude of th@,—1(t) component in
Figure 6b is much less than that Bf(t). These experimental

We have investigated the applicability of femtosecond time-
resolved photoelectron spectroscopy (TRPES) to the study of
substituent effects in molecular electronic relaxation dynamics.
We used a series of monosubstituted benzenes as model
compounds, studying three basic types of electronic substitu-
ents: G=C (styrene), €0 (benzaldehyde), and=€C (phenyl-
acetylene). The effects of the rigidity and vibrational density
of states of the substituent on the electronic relaxation dynamics
were investigated via both methyd{methylstyrene, acetophe-
none) and alkyl ring (indene) substitution. The internal rotation
degree of freedom of the methyl group was used to increase
the density of states. The side alkyl ring structure in indene

gvas used to add rigidity by enforcing planarity. From assignment

of the energy-resolved photoelectron spectra, a fast decaying
component was attributed to electronic relaxation of the second
sr* state and a more slowly decaying component to the first
sr* state populated by internal conversion from the higher lying
state. Very fast electronic relaxation constantd @O fs) for

the secondrr* states were observed for the electronic substit-
uents G=C, C=0, and G=C, more or less independent of the
substituent and quite similar to that of benzene itself. Even a
rigid ring substitution (indene) has no significant effect. This
suggests a common decay mechanism involving the benzene
ring, explained by relaxation to the firstz* via a conical
intersection near the secondt* state planar minimum. The
much slower vibrational energy-dependent electronic relaxation
constants of the firstzr* states for styrene and phenylacetylene
are very similar to those of benzene in its finst* state, at the
same amount of vibrational energy. By contrast, the lifetime of
the first wr* state of indene was greatly prolonged, and this
was attributed to its rigid structure. The second* state of
benzaldehyde has a very short lifetime, similar to that of the
hydrocarbon compounds. However, the electronic relaxation of
its first wr* state is orders of magnitude faster than that of any
of the hydrocarbons. This is well-known and due to the oxygen
heteroatom, which introduces a lower lying*nstate, greatly
accelerating the electronic relaxation process.

A “floppy” methyl substitution (:-methylstyrene, acetophe-
none) might be expected to lead to even faster decay rates,
through simple vibrational density of states arguments. The
effect, however, is quite large (a factor of 3). Interestingly, we
have observed similar methyl group enhancements in the smaller
o,5-enones, where we have been able to rule out simple density
of states arguments. We speculated that there could be a more
interesting underlying photophysics and are currently pursuing
this conjecture as it could have important consequences for the
substitutional control of molecular electronic processes.

An important practical point is that variation of the ionization
laser frequency had no effect on the photoelectron band shapes
or lifetimes. This indicates that autoionization from superexcited
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states played no important role in these measurements, thus (18) Schmitt, M.; Lochbrunner, S.; Shaffer, J. P.; Larsen, J. J.; Zgierski,

allowing for a simple zeroth-order picture of the measuremen

t M. Z; Stolow, A.J. Chem. Phys2001, 114, 1206.

(19) Dobber, M. R.; Buma, W. J.; de Lange, C. A.Phys. Chem.

based on Koopmans'-type ionization correlations. In general, 1995 99 1671.

our new results fit very well with the current understanding of

aromatic photophysics, demonstrating that time-resolved pho-
toelectron spectroscopy does provide for facile, accurate and,%903:
importantly, direct measurements of electronic relaxation dy-
namics in excited organic systems. We hope that, through

(20) Blanchet, V.; Stolow, AJ. Chem Phys1998 108 4371.
(21) Kim, B.; Schick, C. P.; Weber, P. M. Chem. Phys1995 103

(22) Suzuki, T.; Wang, L.; Kohguchi, Hl. Chem. Phys1999 111,
4859.
(23) Greenblatt, B. J.; Zanni, M. T.; Neumark, D. [8ciencel997,

judicious choices of model systems, the TRPES technique will 276 1675.

help to develop a more detailed understanding of the important

role of dynamical processes in molecular electronics.
Active molecular scale electronics (AMSE) is particularly

(24) Lochbrunner, S.; Schultz, T.; Schmitt, M.; Shaffer, J. P.; Zgierski,
M. Z.; Stolow, A.J. Chem. Phys2001, 114, 2519.

(25) Reid, K. L.Chem. Phys. Let1993 215, 25; Reid, K. L.; Duxon,
S. P.; Towrie, MChem. Phys. Letl994 228 351;. Reid, K. L.; Field, T.

based upomolecular processesat couple rearrangements such A Towrie, M.; Matousek, PJ. Chem. Phys1999 111, 1438.

(26) Seideman, TJ. Chem. Phys1997 107, 7859; Althorpe, S. C.;

as isomerization or proton transfer to changes in optical or geigeman, TJ. Chem. Phys1999 110, 147.

electrical properties. Despite the worldwide effort in organic-

based AMSE, the important practical issuesetffciencyand

stability have received scant attention. These in turn are
determined by the competition between ultrafast electronic

(27) Arasaki, Y.; Takatsuka, K.; Wang, K.; McKoy, \Chem. Phys.
Lett. 1999 302 363.

(28) Davies, J. A.; LeClaire, J. E.; Continetti, R. E., Hayden, CJC.
Chem. Phys1999 111, 1.

(29) For example: Eland, J. H. Photoelectron Spectroscopiut-

processes in excited organic molecules. We believe that theterworths: London, 1984.

effects of substituents on electronic relaxation dynamics will
be an important variable in the rational design of functioning
AMSE devices. The “simple” rules underlying these processes,

(30) Blanchet, V.; Lochbrunner, S.; Schmitt, M.; Shaffer, J. P.; Larsen,
J. J.; Zgierski, M. Z.; Seideman, T.; Stolow, Raraday Discuss2000
115 33.

(31) Lim, E. C. InAdvances in PhotochemistriNeckers, D. C., Ed.;

however, are still being worked out. Nevertheless, we believe Wiley: New York, 1997; Vol. 23, pp 165211, and references therein.

that important new developments in both theory and experiment
could lead to a renaissance in the understanding of excited-;

state dynamics in polyatomic molecules.
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